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Abstract 
Cochlear implant insertion should be as least traumatic as possible in order to reduce trauma to the 
cochlear sensory structures. The force applied to the cochlea during array insertion should be 
controlled to limit insertion-related damage. The relationship between insertion force and 
histological traumatism remains to be demonstrated. Twelve freshly frozen cadaveric temporal 
bones were implanted with a long straight electrodes array through an anterior extended round 
window insertion using a motorized insertion tool with real-time measurement of the insertion 
force. Anatomical parameters, measured on a pre-implantation cone beam CT scan, position of the 
array and force metrics were correlated with post-implantation scanning electron microscopy images 
and histological damage assessment. An atraumatic insertion occurred in six cochleae, a 
translocation in five cochleae and a basilar membrane rupture in one cochlea. The translocation 
always occurred in the 150- to 180-degree region. In the case of traumatic insertion, different force 
profiles were observed with a more irregular curve arising from the presence of an early peak force 
(30 ± 18.2 mN). This corresponded approximately to the first point of contact of the array with the 
lateral wall of the cochlea. Atraumatic and traumatic insertions had significantly different force 
values at the same depth of insertion (p < 0.001, two-way ANOVA), and significantly different 
regression lines (y = 1.34x + 0.7 for atraumatic and y = 3.37x + 0.84 for traumatic insertion, p < 0.001, 
ANCOVA). In the present study, the insertion force was correlated with the intracochlear trauma. The 
150- to 180-degree region represented the area at risk for scalar translocation for this straight 
electrodes array. Insertion force curves with different sets of values were identified for traumatic 
and atraumatic insertions; these values should be considered during motorized insertion of an 
implant so as to be able to modify the insertion parameters (e.g axis of insertion) and facilitate 
preservation of endocochlear structures. 

 
Keywords: cochlear implant, insertion force, inner ear traumatism, scanning electron microscopy, 
histology, temporal bone 
 
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
1. Introduction 
Over the past decade, the indications for cochlear implantation have changed and broadened from 
bilateral profound deafness towards hearing loss involving only high frequencies or single sided 
deafness. As a consequence, surgery has evolved toward a low intracochlear trauma insertion in 
order to maintain the integrity of inner ear structures in all cochlear implant (CI) recipients, even 
those destined for electric-only stimulation. Indeed, the reduction in traumatism during implantation 
may offer several advantages. In patients with functional preimplant low-frequency hearing, 
minimizing the trauma can allow preservation of residual hearing and electric-acoustic stimulation. 
For all other patients, reducing intracochlear damage may limit fibrosis and ossification, making 
revision surgery for device failure or upgrade easier; this is particularly important for pediatric 
patients, who, during their lifetime, have an increased possibility that reimplantation will be 
required. Moreover, limiting injury potentially allows for the application of future technologies, such 
as cellular regeneration or other novel cochlear nerve stimulation technologies (Carlson et al., 2011). 
The concept of soft surgery was introduced by Lehnhardt (1993), and since then, CI centers have 
begun to follow this surgical technique in all cochlear implantations regardless of the necessity to 
preserve hearing or not. In parallel, CI manufacturers have modified the electrode array shape and 
physical characteristics making them thinner, more flexible, and in some cases shorter. 
Short electrode arrays are less traumatic for inner ear structures (Lenarz et al., 2006), and the force 
applied during insertion of a shorter array is lower than for longer ones (Briggs et al., 2011). 
Nevertheless, a disadvantage of short electrode arrays is the limited low-frequency stimulation, 
especially in the case of loss of residual hearing, which may require reimplantation with a longer 
array (Nguyen et al., 2013). 
Considering straight or precurved electrodes, effects on the lateral wall from straight electrodes 
were less traumatic than with precurved arrays (Briggs et al., 2011; Boyer et al., 2015), nevertheless 
other studies did not find any difference in terms of post-implantation hearing performance between 
straight or perimodiolar arrays (Doshi et al., 2015). 
Positioning of the electrode in the scala tympani was reported to produce better results, compared 
to positioning in the scala vestibuli, in terms of speech recognition score in CI patients (Skinner et al., 
2007; Aschendorff et al., 2007; Holden et al., 2013); however, other studies found no difference in 
speech recognition (Wanna et al., 2011); nevertheless, a relationship was found between 
translocation and hearing preservation (Wanna et al., 2015). 
In order to investigate insertion related trauma to inner ear structures, several authors have studied 
the forces applied to the cochlea during electrode array insertion. The influences of insertion speed, 
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use of lubricants, different electrode arrays, or different insertion tools on frictional forces have been 
reported so far (Nguyen et al., 2015; Miroir et al., 2012; Majdani et al., 2010; Rohani et al., 2014; 
Roland, 2005). At the present time, the relationship between insertion force and histological 
traumatism remains to be demonstrated. The aim of this work is to try to identify a correlation 
between the forces used during straight flexible electrode array insertion within the scala tympani 
and possible inner ear damage, and to estimate the maximal value of the force that should be 
applied to avoid damaging the inner ear structures. 
 
2. Material and methods 
Twelve freshly frozen cadaveric temporal bones (five pairs from five subjects and two single temporal 
bones) were prepared with a simple mastoidectomy and a posterior tympanotomy. A cone beam CT 
scan (CBCT) was performed on the temporal bone specimens before and after the insertion. The 
array (Flex 28 array, Med El, Innsbruck, Austria) was inserted at constant speed using a motorized 
insertion tool, and the frictional forces were recorded during insertion. The cochlea was extracted 
from the temporal bone for scanning electron microscope (SEM) imaging. Histological analysis was 
performed to confirm the position of the array and to study the inner ear structures. Between each 
of these steps, the temporal bones were frozen at -18 °C to ensure preservation of the structures. 
Each step is detailed below. 
 
2.1 Cone beam CT scan imaging 
The CBCT images were obtained with the NewTom 5G machine (NewTom 5G, QR s.r.l., Verona, Italy). 
The system set-up used a 200 x 25 mm flat panel detector at a distance of 650 mm from the radiation 
source. One 360-degree rotation of the X-ray tube took 36 seconds. The tube voltage was 110 kV, 
with a 19-mA charge at the terminals. Total filtrations were 2 mm, with a pitch of 125 µm; this 
corresponded to a field of view of 12 x 7.5 cm diameter. The images were isometric voxel rendered 
from the 125 µm sections. 
The data from DICOM (Digital Imaging and Communications in Medicine) images were analyzed with 
Osirix software (Osirix v 4.0 64-bit; Pixmeo Sarl, Bernex, Switzerland). This program allowed 
multiplanar reconstructions for measurement of cochlear anatomy (De Seta et al., 2016). The major 
cochlear diameter (distance A) from the middle of the round window membrane to the opposite 
lateral wall (Escudé et al., 2006) was measured in the slice perpendicular to the modiolus axis and 
coplanar to the basal turn named the ‘cochlear view’ (Fig. 1A) (Xu et al., 2000); the cochlear height 
was measured from the cochlear fossa to the apex of the cochlea in a reformatted mid-modiolar 
plane perpendicular to the superior semicircular canal plane (Fig. 1B). The vertical and horizontal 
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diameters of the cochlear lumen were measured at 180- and 360-degrees (Fig. 1C). The angle 
between the first and second turns of the cochlea was measured between the axes of these two 
turns in a slice parallel to the superior semicircular canal (Martinez-Monedero et al., 2011) (Fig. 1D). 
 
2.2 Cochlear implantation and insertion force measurement 
The posterior rim of the round window niche was drilled in order to visualize the entire round 
window membrane; the membrane was subsequently removed with a sharp micro hook and the 
round window was enlarged anteriorly with removal of the crista fenestra. The temporal bone was 
fixed to an in-house constructed temporal bone holder coupled to a force sensor (ATI Nano 17, 
calibration type SI-12-0.12, resolution: 3 mN; ATI Industrial Automation, Apex, NC, USA). The 
electrode array was inserted through an extended inferior round window approach using a 
motorized insertion tool developed in a temporal bone research laboratory (Miroir et al., 2012) (Fig. 
2). This tool comprised a rotary actuator (RE10CLL, MDP, Miribel, France) connected to a threaded 
screw that pushed a blunt pin into an insertion tube loading the array. The tool was held steady by a 
flexible arm. No force feedback loop was applied between this tool and the force sensor. The 
actuator speed was controlled via a laboratory power supply (Metrix AX 503, Chauvin-Arnoux, Paris, 
France) and set at 0.8 mm·s
−1
. The round window region was irrigated with saline serum, and sodium 
hyaluronate (Healon, Abbott Medical Optics, Abbott Park, IL, USA) was applied before the electrode 
array insertion. The frictional force between the array and the cochlea was measured with a 6-axis 
force sensor. Sensor data were recorded in real-time at a sampling rate of 100 Hz via the same 
analog-to-digital interface card that controlled the actuator input power. From the 6-axis sensor, 
insertion forces were computed based only on three linear force norms (Dx, Dy, Dz). The shape of the 
curve corresponding to force versus time was investigated. Four different metrics have been 
calculated: the peak force, the total change in momentum, the number of times when forces were 
increased by 50% within a small time step (sudden rise), and the smoothness of the curve, studied as 
“jerk” variation (expressed as N·s
−1
) (Nguyen et al., 2014). 
2.3 Histological procedures 
Immediately after its insertion, the electrode array was fixed to the round window region with 
cyanoacrylate glue to avoid any displacement during the subsequent steps. The cochlea was 
removed from the temporal bone and fixed in 10% buffered formalin. The specimen was successively 
dehydrated in graded alcohol and cast in methylmethacrylate resin (10% Polyethylene Glycol 400, 
20% Technovit 7200 VLC, Heraeus Kultzer Gmbh, Germany; 70% methylmethacrylate). 
The specimen was then cut (Leica SP 1660 Saw Microtome, Nussloch GmbH, Germany, sawing speed 
3) perpendicular to the basal turn passing through the round window. A SEM acquisition (Hitachi TM 
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3000, Japan) was subsequently performed to identify the position of the electrodes, and each face of 
the resin bloc was also observed under a white light microscope. The half cochlea was subsequently 
ground to reach the apical electrode and a second acquisition with the SEM was performed. Damage 
to the inner ear structures was assessed using the cochlear trauma grading system published by 
Eshraghi et al. (2015): 0 represented no observable trauma; 1, elevation of the basilar membrane; 2, 
rupture of basilar membrane; 3, electrode in scala vestibuli; 4, severe trauma such as fracture of the 
osseous spiral lamina or modiolus or tear of the stria vascularis. The location of the trauma was also 
evaluated: A: lower basal turn (0 to 180 degrees), B: upper basal turn (181 to 360 degrees), C: lower 
middle turn (361 to 540 degrees), D: upper middle turn (541 to 720 degrees); E: apex (>721 degrees). 
 
2.4 Statistical analysis 
Results are expressed as mean ± standard deviation. Insertion force graphics were generated with 
“R” statistical software (http://www.r-project.org/). Spearman’s rho correlation coefficient was used 
when appropriate. Two-way analysis of variance (ANOVA) [factors: traumatism (translocation, no 
translocation) and depth of insertion: (90-, 120-, 150-, 180-, 220-, 250-degrees)] was applied to 
analyze the insertion force across groups and depth of insertion. The difference in slope of the 
regression lines of the force for the two groups was tested by analysis of covariance (ANCOVA). All 
statistical analyses were performed using IBM SPSS for Windows (v 22.0, SPSS Inc., Chicago, IL, USA). 
For all comparisons, p < 0.05 was considered to be significant. 
 
3. Results 
The cochlear anatomy parameters and measurements of insertion forces are reported in Table 1. As 
expected, the cochlear height was correlated with the angle between the first and second turn (r = 
0.64, p=0.02, data not shown); no other anatomic correlations were found. Pre-insertion imaging 
analysis did not reveal any significant ossification or obvious obstruction of the cochlear lumen. 
During approach preparation, no fibrosis could be observed at the entrance of the basal turn under 
microscopic vision. Ten electrode arrays were fully inserted whereas two insertions were 
incompletely inserted.  
The histologic images and SEM images confirmed six atraumatic insertions, scalar translocation in 
five specimens (42%), and basilar membrane rupture without translocation in another insertion (Fig. 
3). The scalar translocation occurred in the 150- to 180-degree region in all five cases (Table 2). No 
correlation was found between anatomic measurements and force metrics or between anatomic 
measurements and traumatism (Table 3) (NS, Mann–Whitney U-test). 
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3.1 Atraumatic insertions 
The overall insertion force profile was similar for all temporal bones; the frictional forces remained 
low for the first half of the insertion and then rose continuously reaching a peak force at the end of 
the insertion (59.4 ± 19.9 mN). In the region at risk for translocation (150 degrees), all apart from one 
atraumatic insertion had lower frictional forces than the traumatic insertions (Fig. 4). An incomplete 
insertion occurred (specimen 4G, one electrode out), but no obvious intracochlear obstacle was 
found at histological exam. 
 
3.2 Traumatic insertions 
Analysis of the frictional force profiles in the traumatic insertions showed an irregular profile in four 
insertions and the presence of a peak (peak force: 29.56 ± 18.2 mN) around 15 seconds after the 
beginning of insertion corresponding approximately to the moment when the tip of the array 
impacted with the lateral wall of the cochlea in the 150- to 180-degree region; another insertion 
presented an early rise of force (see Fig. 3). The last traumatic insertion had a smooth and regular 
force profile. 
The insertion force profile in the region 90–240 degrees for all of the cochleae is reported in Fig. 4. As 
clearly seen from the force curves, the insertion force increased significantly as a function of depth of 
insertion both in traumatic and atraumatic insertions (r = 0.57, p <0.001). Nevertheless, the two 
groups had significantly different force values at different depths of insertion (p < 0.001, two-way 
ANOVA), and the slopes of the regression lines for the atraumatic (y = 1.34x + 0.7) and traumatic (y = 
3.37x + 0.84) insertions were significantly different (p < 0.001, ANCOVA) (Fig. 4). 
Three insertions had a maximum peak force above 0.1 N and this was always associated with scalar 
translocation, nevertheless, no difference in force was found between different grades of trauma 
(i.e. grade 4 vs grade 3). No other correlation was found between other force metrics and inner ear 
traumatism.  
An incomplete insertion occurred in one cochlea (specimen 6D). In this specimen, a trauma 
occurred at 180-degrees, four electrodes were translocated to the scala vestibuli and two 
electrodes were outside the cochlea. 
 
4. Discussion 
The preservation of inner ear structures and consequently, the preservation of residual hearing 
during cochlear implantation depend mainly on the surgical technique used and on the 
characteristics of the electrode array. Post-insertional intracochlear fibrosis may be reduced by 
limiting insertion traumatism and increasing the biocompatibility of the electrodes. A correlation 
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between word recognition score and intracochlear new bone and fibrous tissue formation after 
cochlear implantation has recently been demonstrated (Kamakura and Nadol, 2016). 
In the present temporal bone study, a long (28 mm) lateral wall array was used and a relationship has 
been found between the insertion force profile and preservation of inner ear structure. To the best 
of our knowledge, this represents the first report showing a direct correlation between the insertion 
forces and intracochlear traumatism. Nevertheless, our cadaveric model has some limitations and 
the intracochlear electrode array insertions cannot be strictly compared to in vivo studies. In this 
experimental set-up, the temporal bones were frozen and unfrozen multiple times for specimen 
preparation, imaging and array insertion. This probably interfered with the stiffness and resistance of 
the inner ear structures (spiral ligament, basilar membrane, spiral osseous lamina). All of the 
insertions were made via an extended round window (ERW) approach to standardize the insertion 
and reduce the anatomical variation of the hook region of the cochlea that is reported to be wide 
(Atturo et al., 2014). Moreover, the choice of this approach was made in order to limit the artifact 
of measurement of the force determined by the friction between the electrode array and the 
anterior rim of the round window and with the crista fenestra. Wanna et al. (2015) reported that 
ERW insertion and cochleostomy were more traumatic and prone to scalar translocation than pure 
round window insertion. Different electrode designs or different entry points into the cochlea have 
a different trajectory and different impact on the modiolar or lateral wall region (Zhou et al. 2015). 
The choice of entry point in the cochlea should be made on the basis of the anatomical variation of 
the cochlea (Atturo et al., 2014) and the electrode array should be chosen as a consequence; in any 
case, round window insertion should be avoided in the case of perimodiolar array use (Jeyakumar et 
al., 2014). Although electrode insertion trauma is influenced by array design, the occurrence of 
severe trauma using straight electrodes is mainly reported in the region of 180-degrees. This is 
caused in part by the decrease in diameter of the scala vestibule at this point (Biedron et al., 2010) 
and by the fact that lateral wall electrodes directly impact on that region in the case of ERW or 
cochleostomy insertion (Zhou et al. 2015).  
Several studies have been published describing cochlear implant insertion related trauma. The 
earliest study by Kennedy (1987), which evaluated a straight electrode array inserted through an 
ERW approach, reported that insertion beyond the point of first resistance resulted in damage to the 
spiral ligament, the basilar membrane, and osseous spiral lamina at the junction between the first 
and second half of the first turn. Welling et al. (1993) reported the results of a temporal bone study 
on the insertional trauma of different electrode arrays available at that time finding damage to the 
lateral wall structures of the cochlea in all three of the arrays tested, but no traumatism to the 
modiolar region. Indeed, a post-mortem histologic study in an implanted patient showed that 
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postoperative bone formation was located in the ascending limb of the basal turn (Nadol et al. 
2001), corresponding to the location of the trauma found in the present study. More recently, 
Adunka and Kiefer (2006) evaluated the basal trauma in temporal bone insertions of Med El arrays of 
different length. Using a round window approach, rupture of the spiral osseus lamina was reported in 
2/8 specimens, whereas a deeper insertion (24-30 mm with a Flex soft electrode) was reported to be 
more traumatic. Other groups reported their experience with a different straight array, the Cochlear 
SRA (currently the Cochlear CI422 array). This electrode was atraumatic in shallow insertions (i.e. up 
to 20 mm) but more traumatic in deeper insertions (Skarzynski et al., 2012; Mukherjee et al., 2012). 
All these studies reported a subjective force measurement and suggested stopping the insertion at 
the point of first resistance in procedures aiming for hearing preservation. 
The resistance of the inner ear structures has been studied previously in fresh cadaveric temporal 
bones. Ishii et al. (1995) isolated the basilar membrane and measured the rupture force as between 
29 and 39 mN, whereas for only the membrane of Reissner, the authors measured a force of 4.2 mN. 
Schuster et al. (2015) reported that the mean value of the force necessary to rupture the entire 
system including the basilar membrane, Reissner’s membrane and lamina spiralis ossea was 88 mN, 
and values ranged from 42 to 122 mN. In these studies, the forces applied were perpendicular to the 
basilar membrane; this situation was not comparable with the force applied during electrode array 
insertion as the vector of the force may differ (Roland, 2005). A measure of the forces during CI 
insertion have been made by Rohani et al. (2014) who studied the insertion profile of three different 
electrodes in six fresh temporal bones. In that study, the array was inserted through a tunnel drilled 
in the mastoid with a preimplantation planned linear trajectory without performing a 
mastoidectomy, and incomplete insertions of Med El Standard arrays were obtained. 
A previous study in our lab (Nguyen et al., 2012) reported a correlation between different curved 
array profiles and quality of insertion. That study identified a peak force of 0.5 N with a slope 
increase after 10 mm in an incomplete insertion, and a peak force of 0.3 N and a rise in slope after 
only 7 mm in one insertion having a folding tip; in that study, histologic analysis of inner ear 
traumatism was not performed, and the correlation between forces and traumatism was not 
analyzed. Several studies have reported the average force during cochlear implantation (Schurzig et 
al., 2010; Kontorinis et al., 2011 a; Rohani et al., 2014). This metric depends on the duration of 
insertion and was extremely low in protracted insertions with several stops and starts and long 
pauses even if a high peak force occurred during the insertion. We believe the most reasonable value 
to be considered should be the peak force. Indeed, in the present study, the only metric of insertion 
that correlated with insertion trauma was peak force. In 11 out of 12 insertions, the maximal peak 
force occurred at the end of the insertion and represented the frictional force of the entire array with 
M
A
N
U
S
C
R
IP
T
 
A
C
C
E
P
T
E
D
ACCEPTED MANUSCRIPT
10 
 
the lateral cochlear wall and inner ear structures. The force value in the region of first contact of the 
tip of the array with the cochlear structures should represent the value to monitor during electrode 
insertion so as to be able to detect and avoid complications. In the case of elevation of the force over 
a defined threshold in the first contact region, the insertion technique should be modified. A small 
rotation of the electrode or a backward and forward movement while monitoring the forces could be 
the correct procedure to use to avoid structure trauma. Indeed, steerable (Zhang et al., 2010) or 
curvature controlled (Wu et al., 2005) electrode arrays have been proposed to reduce the frictional 
forces. The use of vibration has been studied in mechanics in order to reduce the frictional forces 
between two surfaces (Tsai et al 2006) but, to our knowledge, this has not yet been applied in 
cochlear implant surgery. Other factors have been studied by several authors to reduce trauma 
during cochlear implantation. The use of a lubricant such as hyaluronic acid or glycerin has been 
demonstrated to reduce the frictional forces during cochlear implant insertion (Zhang et al. 2009, 
Kontorinis et al. 2011b, Miroir et al 2011). A low speed of insertion would positively influence 
residual hearing preservation (Kontorinis et al. 2011a, Rajan et al 2013).  
Considering different array designs, the advance off stylet technique for a perimodiolar precurved 
electrode has been demonstrated to be associated with lower average and maximum insertion 
forces, compared to traditional insertion of the same array (Schurzig et al. 2010). 
In our results, the frictional forces for traumatic and atraumatic insertion were already different at 
90-degrees insertion depth, before translocation and contact of the tip of the array with the cochlear 
lateral wall in the region at risk for traumatism. One might suppose that other factors may influence 
the scalar translocation. The axis of insertion of the array, which should be tangential to the basal 
turn of the cochlea (Briggs et al., 2011), was not controlled in our study and was determined by the 
position of the facial nerve in the posterior tympanotomy, indeed, in most cases, the ideal insertion 
vector coaxial to the centerline of the scala tympani is interrupted by the facial nerve (Meshik et al., 
2010). A preoperatively planned axis of insertion guided by a surgical navigation system could 
possibly improve inner ear structure preservation by aligning the electrodes array with the most 
appropriate insertion axis (Torres et al., 2016 a, b). 
The translocation rate found in this study was unexpectedly high but similar to other frozen 
temporal bone studies. Martins et al. (2015) found a higher rate of traumatism (36%) in the region 
180-270 degrees than in other cochlear segments. This may be related to the quality of inner ear 
structures possibly modified by the freeze-thaw cycle. These findings cannot be directly compared 
with cochlear implant reports on patients implanted with the same electrode array. Indeed, the 
radiological translocation rate in patients was reported to be significantly lower than our findings 
in temporal bone (Boyer et al. 2015, Nordfalk et al, 2016). Nevertheless, we believe that the 
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present temporal bone model allowed the identification of the area at risk for trauma and 
translocation, and quantified the forces responsible for a trauma. 
 
4.1 Conclusion 
In this study, the insertion forces of a long straight electrode array inserted via an extended round 
window approach were correlated with inner ear structure damage in the temporal bone model. 
Moreover, the region at 150- to 180-degrees represented the region at risk for scalar translocation 
and a high peak force in this area corresponded to basilar membrane lesion or translocation. Two 
different sets of values were obtained for traumatic and atraumatic insertions; these values, if 
confirmed by further studies in patients, could be useful for the future development of a force 
feedback CI insertion tool to reduce the risk of insertion-related damage and to provide the best 
chance for optimal hearing rehabilitation in cochlear implanted patients. 
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TABLE I. PRE- AND POST-INSERTION MEASUREMENTS 
Anatomical parameters  
Distance A (mm) 9.0±0.42 
Cochlear height (mm) 3.2±0.30 
Angle between 1
st
 and 2
nd
 
turn (degrees) 
14.8±1.36 
Insertion force parameters  
Maximum peak force (mN) 71.3±30.3 
Force momentum (N·s) 418.55±95 
Jerk (N·s
-1
) 200.02±48 
Sudden rise (No) 50.3±30 
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TABLE II. TRAUMATIC INSERTIONS: HISTOLOGY 
Specimen 
# 
Scalar 
translocation 
(degrees) 
Translocated 
electrodes 
(n) 
Cochlear trauma scale 
Location (degrees) 
(0-180)  (181-360) 
R1G 150 5 4 3 
R3G - - 2 2 
R4D 150 5 3 3 
R5D 190 2 2 3 
R6D 180 4 3 3 
R6G 160 5 4 4 
 
  
M
A
N
U
S
C
R
IP
T
 
A
C
C
E
P
T
E
D
ACCEPTED MANUSCRIPT
19 
 
 
TABLE III. ANATOMICAL MEASUREMENTS IN TRAUMATIC AND ATRAUMATIC INSERTIONS 
 
Distance 
A (mm) 
Height 
(mm) 
Angle 1
st
-
2
nd 
turn 
(degrees) 
Vertical 
diameter 
180° (mm) 
Horizontal 
diameter 
180° (mm) 
Vertical 
diameter 
360° (mm) 
Horizontal 
diameter 
360° (mm) 
  
Traumatic 
insertions (n=6; 
mean ± SD) 
9.1±0.52 3.2±0.36 14.7±1.17 1.5±0.16 1.7±0.16 1.5±0.10 1.5±0.15 
Atraumatic 
insertions (n=6; 
 
Mean ± SD) 9.1±0.33 3.3±0.22 14.9±1.64 1.7±0.15 1.7±0.14 1.6±0.10 1.6±0.08 
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Figures legend 
Figure 1. Pre-insertion cone beam CT measurements. A. The major cochlear diameter was 
measured in the cochlear view. The superior semicircular canal (SSC) plane was used as the 
reference plane. B. The cochlear height was measured in the plane perpendicular to the SSC passing 
through the modiolus in the cochlear view. C. The cochlear lumen diameters were measured in the 
mid-modiolar plane at 180- and 360-degrees. D. The angle between the 1
st
 and 2
nd
 turn was 
measured in the plane parallel to the SSC. 
Figure 2. Measurement insertion bench. The insertion tool was fixed to a steady flexible arm, 
avoiding any contact with the cochlea. The insertion speed was 0.8 mm·s
−1
. The insertion forces 
were measured with a 6-axis force sensor (small panel) and subsequently analyzed. 
Figure 3. The upper three panels show a scanning electron microscope image, light microscope 
image and insertion force profile of an atraumatic insertion. Below this, the other panels show 
three different traumatic insertions. The fracture of the osseus spiral lamina (OSL) at 160 degreesis 
visible both in the SEM and the light microscope image (thick arrows). A peak force (thin arrows) is 
visible 15 seconds after the beginning of the insertion, corresponding to traumatism at 160 
degrees. An early scalar translocation corresponding to an early rise of force occurred in the first 
part of the insertion. BM, basilar membrane, OSL, osseous spiral lamina. 
Figure 4. Frictional force profile of traumatic (in red) and atraumatic (in green) insertions in the 
critical region for translocation (90-240°). All of the traumatism occurred between 150° and 180°. 
The dashed lines represent the linear regression lines for traumatic (y=3.37x +0.84) and atraumatic 
(y=1.34x +0.69) insertion. 
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• Twelve human cadaveric temporal bones were cochlear implanted at constant speed of insertion 
• Insertion forces during cochlear implantation were correlated with  inner ear structure traumatism  
• Two different functions were identified for traumatic and atraumatic insertions 
• The control of the insertion force could reduce the risk of insertion-related damage 
